A common consequence of using agricultural fungicides is the development of resistance by fungal pathogens, which undermines reliability of fungicidal effectiveness. A potentially new strategy to aid in overcoming or minimizing this problem is enhancement of pathogen sensitivity to fungicides, or "chemosensitization." Chemosensitization can be accomplished by combining a commercial fungicide with a certain non-or marginally fungicidal substance at levels where, alone, neither compound would be effective. Chemosensitization decreases the probability of the pathogen developing resistance, reduces the toxic impact on the environment by lowering effective dosage levels of toxic fungicides, and improves efficacy of antifungal agents.The present study shows that the antifungal activity of azole and strobilurin fungicides can be significantly enhanced through their co-application with certain natural or synthetic products against several economically important plant pathogenic fungi. Quadris (azoxystrobin) combined with thymol at a non-fungitoxic concentration produced much higher growth inhibition of Bipolaris sorokiniana, Phoma glomerata, Alternaria sp. and Stagonospora nodorum than the fungicide alone. The effect of Dividend (difenoconazole) applied with thymol significantly enhanced antifungal activity against B. sorokiniana and S. nodorum. Folicur (tebuconazole) combined with 4-hydroxybenzaldehyde (4-HBA), 2,3-dihydroxybenzaldehyde or thymol significantly inhibited growth of Alternaria alternata, at a much greater level than the fungicide alone. In addition, co-application of Folicur and 4-HBA resulted in a similar enhancement of antifungal activity against Fusarium culmorum. Lastly, we discovered that metabolites in the culture liquid of Fusarium sambucinum biocontrol isolate FS-94 also had chemosensitizing activity, increasing S. nodorum sensitivity to Folicur and Dividend.
INTRODUCTION
Co-application of some conventional industrial fungicides (triazoles and strobilurins) with certain phenolic acids or benzo analogs, which target cellular oxidative stress-response systems, enhanced antifungal activity of these fungicides against pathogenic yeasts and filamentous fungi causing invasive mycoses in humans or postharvest decay in agricultural products (Kim et al., 2008 (Kim et al., , 2010b Faria et al., 2011; . Based on these findings and preliminary screening of substances showing promise as chemosensitizing agents, we selected several natural and synthetic compounds, viz. 2,3-dihydroxybenzaldehyde (2,3-DHBA), 4-hydroxybenzaldehyde (4-HBA), thymol (2-isopropyl-5-methylphenol), as putative chemosensitizers to test against plant pathogenic fungi exposed to fungicides extensively used in agriculture. Two of the aforementioned benzaldehydes are effective chemosensitizers for Candida, Aspergillus, and Penicillium strains and species (Faria et al., 2011) . For instance, in vitro co-application of 2,3-DHBA and kresoxim-methyl or antimycin A resulted in complete inhibition of A. fumigatus and P. expansum growth, and 70% inhibition of A. flavus growth. Alternatively, application of these compounds individually resulted in only slight inhibition of fungal growth (Kim et al., 2008) . In addition, 2,3-DHBA acted as a chemosensitizing agent to overcome fludioxonil resistance of P. expansum, commonly referred to as blue mold of apples, in vitro (Kim et al., 2010b) . Thymol, a natural monoterpene derivative of cymene from Thymus vulgaris oil, is believed to disrupt fungal cell membrane integrity by reducing ergosterol content (Pinto et al., 2006) . This natural product, alone, has been reported to completely block growth of toxigenic Aspergillus spp. and P. expansum at concentration of 5 mM (Kim et al., 2006b ). However, when thymol is combined with the antimycotic drugs, amphotericin B, fluconazole, or itraconazole, there is a synergistic increase in antifungal activity against C. albicans and Cryptococcus neoformans (Faria et al., 2011) .
Along with plant derived thymol, we selected metabolites of a non-pathogenic and non-toxigenic fungus, Fusarium sambucinum isolate FS-94, for testing as putative chemosensitizers. These metabolites were tested because the culture liquid from FS-94 on specially selected media was found to produce substances that at very low concentrations inhibited spore germination of the www.frontiersin.org wheat glume/leaf blotch agent, Stagonospora nodorum (Semina et al., 2011) .
This paper reports results of in vitro examination of 2,3-DHBA, 4-HBA, thymol, and FS-94 metabolites to significantly increase the sensitivity of certain plant pathogenic fungi, of economic importance to Russian agriculture, to several commercial fungicides. The fungicides include commercial azoles and strobilurins, which are routinely applied as fungicides on cereals, potato, and many other crops.
MATERIALS AND METHODS

FUNGI
Phytopathogenic fungi tested included Alternaria alternata, Alternaria sp., Bipolaris sorokiniana, Fusarium culmorum, Phoma glomerata, and S. nodorum, from strains maintained in the Russian State Collection of Phytopathogenic Organisms.
FUNGICIDES
The commercial fungicides tested included Quadris, SC 25% (a.i. Azoxystrobin), Dividend, SC 3% (a.i. Difenoconazole), and Folicur, EC 25% (a.i. Tebuconazole), which are commonly applied on cereals and grains. Concentrations of the active ingredients of the fungicide are indicated in the tables and figures.
PUTATIVE CHEMOSENSITIZERS
Thymol (2-isopropyl-5-methylphenol), 4-hydroxybenzaldehyde (4-HBA), and 2,3-dihydroxybenzaldehyde (2,3-DHBA), were purchased from Sigma Co. (St. Louis, MO, USA). Filtrates of culture liquids (FCL) of F. sambucinum isolate FS-94 were obtained by filtration after culturing on a liquid molasses-sucrose-ammonium medium according to Semina et al. (2011) .
ANTIFUNGAL BIOASSAY
To study the influence of chemosensitizers on the plant pathogens and on their sensitivity to fungicides, the fungi were grown on agar media supplemented with different concentrations of the sensitizers or various doses of the fungicides.
Thymol, 4-HBA, 2,3-DHBA, or the fungicides were sterilized by filtration of their solutions through a Millipore 0.22 μm membrane. The filtrates were added, individually, to PDA or Czapek agar medium, to final concentrations ranging from 10 to 90 ppm (thymol), 10 to 1000 ppm (4-HBA), 1 to 500 ppm (2,3-DHBA), 0.1 to 100 ppm (Quadris), 0.25 to 100 ppm (Folicur), and 1 to 20 ppm (Dividend), prior to being poured into Petri dishes and before inoculation with test pathogenic fungi. Two microvolumes of FCL, 20 and 100 μl/ml of PDA, were used in the experiments with S. nodorum (strain #13-1/3), making the final FCL concentrations 2 and 10 volume percent, respectively. Culture media, supplemented with putative chemosensitizers and/or the fungicides, were then inoculated by placing small fragments of fungal mycelia in the center of the dishes. Effects of treatments on growth were determined by culturing fungi in the dark at 25˚C for 7 days, followed by measurement of colony diameter. We first determined the concentrations of sensitizers and fungicides that slightly suppressed growth of fungi, as compared to controls, and considered these as sub-fungicidal concentrations. These sub-fungicidal concentrations were selected for determining interactions between fungicides and test compounds in co-application experiments to define putative chemosensitization to the fungicides.
After determinating sub-fungicidal concentrations of test chemosensitizers and fungicides, Petri plate bioassays of combinations of chemosensitizers and fungicides were used against plant pathogens. The fungi were cultivated in the dark at 25˚C from 7 to 23 days, depending on the tested pathogen. Control cultures, without addition of the test chemosensitizers, fungicides or their combinations, were grown under the same conditions. By the end of the culture period, fungal colony diameters were measured and colony size calculated as the area of a circle (cm 2 ). Growth inhibition was determined as percentage of diminished growth of treated fungi based on average diameter or area of colonies, as compared to controls. Enhanced antifungal activity was defined as where inhibition of fungal growth in co-application of putative chemosensitizers and a test fungicide significantly (p < 0.05) exceeded growth inhibition calculated as an arithmetical sum of either individual component.
STATISTICAL TREATMENT
Each experiment on fungal growth in the presence of putative sensitizers, commercial fungicides, or their combinations was performed in triplicate, per each concentration used, then replicated once. Quantitative data of the experiments were statistically analyzed with Microsoft software STATISTICA 6.0 (StatSoft Inc.). Means of different treatments, SE and SD, and significant differences (p < 0.05) of means among treatments and controls were determined using a t -test for independent variables. In the figures, bars on bracketing points on line graphs and histograms represent SEM or SD. Error bars on histogram columns representing arithmetical sums of effects of fungicides, alone, and chemosensitizing test agents, alone, are averages of SEM of the individual treatments.
RESULTS
The capability of thymol to increase fungicidal activity was investigated in combination with Quadris, toward P. glomerata, B. sorokiniana, Alternaria sp., and S. nodorum, and with Dividend, against B. sorokiniana and S. nodorum, and with Folicur, toward A. alternata. Among these plant pathogens, the maximal synergistic effect resulted from co-applications of thymol and Quadris, at selected concentrations of 10 ppm (0.07 mM) and 100 ppm, respectively, was observed toward B. sorokiniana. When thymol was applied separately at 10 ppm there was practically no inhibition of pathogen growth (1.1%). However, a thymol-Quadris combination produced almost three times higher growth inhibition (40.9%) than the individual fungicide (14.8%; Table 1 ). In the case of P. glomerata and Alternaria sp., the thymol-fungicide combinations were also significantly higher in antifungal activity than either thymol or Quadris applied individually. There was an almost doubling of growth inhibition from thymol-Quadris co-applications than Quadris alone, for both pathogens ( Table 1) . Co-application of thymol with Quadris resulted in 88.8% inhibition of P. glomerata growth. This inhibition was almost two times higher in comparison to this fungicide application alone. This inhibition exceeded by 27.5% the arithmetical sum of 61.3% of thymol (12.5%) and Quadris (48.8%), alone, respectively. The growth inhibition of Alternaria sp. produced by the thymolQuadris combination (36.4%) was, again, significantly greater by 13%, as compared to the arithmetical sum of growth inhibition (23.8%) of individual fungicide (19.3%) and thymol (4.5%) applications.
Application of thymol and Quadris at 10 ppm, alone, resulted in either minor or no growth inhibition of S. nodorum and P. glomerata. Whereas, when these substances were co-applied at these same concentrations there was a significant enhancement of antifungal activity of Quadris (Figure 1) .
Subsequent experiments showed thymol also sensitized B. sorokiniana and S. nodorum to Dividend, and A. alternata to Folicur. Much greater inhibition of B. sorokiniana and S. nodorum colony growth was induced by Dividend in combinations with thymol as compared to treatments with the individual substances. Most notable is that addition of 1 ppm of Dividend in nutrient media together with thymol (10 ppm) produced as high a fungicidal effect on both these fungi as would require a 10-fold higher concentration (10 ppm) of Dividend alone (Figures 2 and 3) . Moreover, a significant increase in antifungal activity was observed when a combination of Dividend and thymol, each applied at sub-fungicidal concentrations (1 + 10 ppm, respectively) was used against B. sorokiniana in two additional experiments (Figure 3) . Co-application of these compounds resulted in 68% inhibition of fungal growth. This is in contrast to a predicted non-interactive www.frontiersin.org effect of 44% growth inhibition based on the growth inhibition caused by each of these compounds alone, at these concentrations. A similar trend of enhancement was found with thymol and Folicur. Folicur alone at a concentration of 0.5 ppm caused low suppression (29%) of A. alternata development. But Folicur at the same concentration combined with thymol at 10 ppm, a concentration at which growth inhibition of A. alternata is negligible, inhibited pathogen growth by approximately 50%. To achieve this level of growth inhibition by Folicur alone, its concentration would have to be doubled (1 ppm; Figure 4 ). The ability of another putative chemosensitizer, 4-HBA, to enhance fungitoxicity of Folicur was examined against A. alternata and a toxigenic fungus F. culmorum. Co-application of 0.5 ppm of Folicur with 4-HBA at 200 ppm resulted in significant improvement of the fungicidal activity toward F. culmorum ( Figure 5 ) and A. alternata ( Table 2) . Folicur alone at 0.5 ppm inhibited the growth of either fungus at approximately 30%. But, Folicur combined with 4-HBA, at a non-or negligible fungicidal level, resulted in almost doubling antifungal activity against both pathogens ( Table 2) .
Chemosensitization potential of 2,3-DHBA was tested for enhancing the growth-inhibitory effect of Folicur toward A. alternata grown on Czapek agar. Folicur and this benzaldehyde achieved relatively low rates of growth inhibition when applied alone, 10% at 0.5 ppm and 2.5% at 1.0 ppm, respectively. However, at these same concentrations, when co-applied, there was significant increase of growth inhibition (approximately 25%) of this pathogen, implying there is some type of synergistic interaction that more than doubles antifungal activity (Figure 6) .
The chemosensitizing impact of FCL, containing extracellular metabolites from liquid cultures of the biocontrol isolate FS-94, on S. nodorum after 7 days of growth appeared to be additive to treatment by Folicur or Dividend. When FCL was applied at low (2% v/v) or moderate (10% v/v) concentrations with Folicur, growth inhibition of S. nodorum after 7 days was almost equal to that of the arithmetic sum of these substances used alone (Figure 7) . However, after 9 days of growth the results showed that the effect of FCL on the antifungal activity of Folicur was significantly above additive. The co-application of these substances promoted maintenance of a higher level of fungicidal activity as the fungus continued to grow. The growth-inhibitory effect of Folicur alone, decreased by the 9th day to 49%, while the inhibitory effect of Folicur combined with FCL remained at 69% to the end of observation period (23 days).
The sensitivity of S. nodorum to Dividend was also enhanced under the influence of FCL. In cultures of the fungus with Dividend and FCL, at a concentration 2% v/v, pathogen growth rate slowed significantly from the rate of growth if cultured with Dividend alone (p < 0.05) starting on the 17th day after inoculation (Figure 8) . This difference increased step-by-step as the fungus underwent vegetative growth (on 20th day p = 0.003; on 23rd day, p = 0.00001). At the earlier stages of colony growth (corresponding to the 14th and 17th days, Figures 8 and 9 ) no differences were observed in the inhibitory effects between the individual application of the fungicide alone and the combined application of fungicide with FCL. As time progressed, the fungus began to overcome the fungicidal effect of the Dividend alone dose (Figure 8, line 3) , and the difference between colony area of the control and Dividend-treated fungi began to decrease (Figure 9) . During the same period, however, colony growth on Dividend + FCL combinations reduced much more significantly as compared to the controls. Thus, as time went on, differences in colony area between control and co-application treatments increased. On day 20 and 23, these differences were two or threefold greater, respectively, than between controls and where the fungicide was applied alone (Figure 9) . Thus, co-application of the fungicide with FCL resulted in a certain prolongation of the antifungal effect against S. nodorum and decreased growth rate of the fungus. Moreover, starting on the 20th day of cultivation, a noteworthy enhancement of antifungal activity was observed if Dividend was co-applied with a weakly inhibitory concentration of FCL (Table 3) .
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When FCL was added to the culture medium to a final concentration of 10% v/v and Dividend was at a concentration of 0.01 ppm, growth inhibition of S. nodorum reached 20-30% to that of controls. In order to achieve this same level of growth inhibition using Dividend alone a fivefold increase (0.05 ppm) of this fungicide would be required (Figure 10 ).
DISCUSSION
Crop protection using industrial fungicides is a powerful tool for effective control of many plant pathogenic fungi. However, extensive use of such fungicides is now recognized, worldwide, to be associated with a range of environmental risks (De Costa and Bezerra, 2011). Restrictive regulations have been applied to the use of fungicides in order to minimize these risks. Nevertheless, multiple applications of several different fungicides may be required at times in order to achieve an effective control of fungal pathogens (e.g., Eckert and Ogawa, 1988) . Such multifaceted applications of fungicides can, in turn, exacerbate xenobiotic perturbations to the environment. Another disturbing consequence of the commercial use of fungicides for plant protection is development of resistance by plant pathogenic fungi that damage important agricultural crops. Such resistance renders any protective effects relatively short-lived and eventually uneconomical (Steffens et al., 1996; Brent and Hollomon, 2007) . Several different strategies are being developed to counter, or reduce, the development of resistance in fungi and lower the environmental impact of the use of fungicides. These include plant breeding for disease resistance (Russell, 1978; Polak and Bartos, 2002; Niks et al., 2011) , the search for novel low-persistent and highly effective active ingredients, biopesticides of plant or microbial origin (Bailey et al., 2010 ; Dubey et al., 2011; Pretorius and van der Watt, 2011; Shcherbakova, 2011) , and use of fungicides in combination with biocontrol agents (Elad, 2003; Buck, 2004; Gilardi et al., 2008; Baus et al., 2011) .
Of particular interest in our study is a strategy that searches for compounds that specifically target the stress-response systems of pathogens, and thereby enhances their sensitivity to fungicides. Such a strategy is called chemosensitization. One concept underlying the selection of putative chemosensitizers consists of increasing fungitoxic activity by disrupting fungal oxidative stressresponse systems that protect the fungus from reactive oxygen species (ROS; Kim et al., 2006a Kim et al., , 2007 . This approach has been demonstrated in vitro successfully by assays that include fungicides/antibiotics with compounds that disrupt the oxygen stress-response system, enhancing sensitivity of mycotoxigenic fungi and human pathogenic fungi of medical importance to antifungal agents (Kim et al., 2006b (Kim et al., , 2008 Faria et al., 2011; . Various natural phenolic compounds and their derivatives that possess anti-or oxidative activity have been shown to be effective chemosensitizing agents in above referred reports.
In our current study we used some of the agents previously reported to be effective against human pathogens to evaluate their chemosensitizing potential in vitro toward several plant pathogenic fungi. Such agricultural fungi are often controlled with triazole and/or strobilurin-type fungicides in practice. Our research was focused on studying the ability of 2,3-DHBA, thymol, and 4-HBA to improve fungicidal action, emphasizing the discovery of any significant enhancement. We tested selected concentrations of both fungicide and test agent which had a sub-fungicidal impact on the plant pathogens, when applied alone. Preliminary experiments suggested (data not shown) that B. sorokiniana, S. nodorum, P. glomerata, F. culmorum, and Alternaria fungi differed in sensitivity to the fungicides and putative sensitizers used in our Frontiers in Microbiology | Fungi and Their Interactions study. Therefore, the sub-fungicidal concentrations of these substances applied for individual treatments and in co-applications differed for each pathogen. When fungicides and chemosensitizers, 2,3-DHBA, thymol, and 4-HBA, were co-applied at higher dosages than at sub-fungicidal levels, an additive effect was observed (data not shown). In such cases, any enhancement of antifungal activity beyond an additive effect between the compounds was masked. Therefore, we tested the compounds at sub-fungicidal concentrations so that the predicted effect based on the arithmetical sum of growth inhibition of the tested substances did not exceed 50-60%.
Our results with the use of two benzo analogs (4-HBA and 2,3-DBA) as well as a natural phenolic product, thymol, at the selected sub-fungicidal concentrations showed these substances provided significant improvement of antifungal activity of triazole and strobilurin-type fungicides toward all tested pathogenic fungi. Our data coincide with previous findings (Faria et al., 2011; showing that the tested phenolic substances are promising as chemosensitizers of plant pathogens to industrial fungicides. Also, our observation of the chemosensitizing impact for taxonomically unrelated plant pathogenic fungi suggests these chemosensitizers possibly attack the oxidative stressresponse systems common to various fungi (Roman et al., 2007) such as, Mn-SOD (mitochondrial superoxide dismutase) and MAPK pathway.
We found that FCL arrested radial growth of S. nodorum colonies, inducing 10-30% inhibition depending on FCL concentration employed. Our experiments showed that FCL is a putative source of natural chemosensitizing compounds, enhancing and prolonging the fungicidal effects of Folicur and Dividend. The results with S. nodorum suggest that metabolites in the cultural liquid of F. sambucinum are of interest as a new source of natural sensitizers, at least toward the wheat leaf/glume blotch agent. Further research is necessary to examine the scope and the level of FCL sensitizing activity, as well as the isolation and identification of the component(s) responsible for this activity.
The F. sambucinum isolate FS-94 has been previously shown to be a biocontrol agent of some plant pathogenic Fusaria (Shcherbakova et al., 2006 (Shcherbakova et al., , 2008 . It is also known to synthesize metabolites that induce systemic acquired resistance (SAR) in potato (Shcherbakova et al., 2006) and tomato, by activating and priming a salicylic acid (SA)-dependent plant signaling system . Along with its direct antifungal effects on S. nodorum, FCL of FS-94 has no phytotoxicity (Shcherbakova et al., 2009; Semina et al., 2011) and, as shown in our current research, can also sensitize this plant pathogen to commercial fungicides. It very well may be that different components of the FCL have different modes of action. Understanding such details will provide an additional advantage if they are to be used as chemosensitization tools in the future. Interestingly, salicylaldehyde that mimics the action of SA, a key plant signaling molecule which is involved in SAR, targets the cellular antioxidation system in aflatoxigenic fungi, functioning in a chemosensitization manner (Kim et al., 2010a) . Prolongation of the fungicidal activity with FCL is a new and previously uninvestigated property. Such fungicidal prolongation is something that should be verified for other chemosensitizers. Discovery of this phenomenon, in our opinion, is of special importance for agricultural fungicides. In contrast to antifungal drugs applied in medicine, plant protection remedies are not designed for the total extermination of a pathogen (this is unachievable under natural conditions). They are designed to delay the development of disease for as long as possible. Co-application of sensitizing agents with agricultural fungicides could retard emergence of plant diseases using decreased dosage rates, while reducing the number of treatments, making fungicide applications more economically sound.
Another potential advantage of using chemosensitizers in agriculture is the opening of new avenues for solving the problem of emerging fungicide-resistant mutants. Until now, the most common way to control resistance to fungicides was by increasing dosages until they are effective. This approach, unfortunately, adds to the pesticide pressure on the environment. In our experiments with thymol and Dividend we found that their co-application produced, in vitro, as strong of a fungal growth inhibition as would require at least a 10-fold higher concentration of Dividend individually against S. nodorum and B. sorokiniana. This finding shows the promising possibility of developing effective, ecologically compatible, and biodegradable chemosensitizers that could be used in combinations with fungicides. In addition, the relatively low cost and availability of chemosensitizers and the diminished overall cost of chemical treatments (chemosensitizer + fungicide), would be very attractive from the agricultural economic viewpoint.
The first priority in continuing our investigation on chemosensitization of plant pathogenic fungi to fungicides should be to examine the tested compounds on enhancing fungicidal activity in planta, on host plants. Another necessary step is to produce mutants of our tested pathogens that are resistant to Dividend, Folicur or Quadris. The effort would then include an attempt to overcome their elevated resistance using co-applications of effective sensitizers revealed in this research.
